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We calculate the photon and dilepton production rates in strongly coupled A/" = 4 super- Yang- 
Mills Plasma in a presence of strong external magnetic field, i3 3> by using its type IIB super- 
gravity dual. We find that there is strong enhancement for both photon and dilepton production 
rates by a factor of ~ By/X£^. Moreover, in a qualitative agreement with the RHIC data, we find 
that the enhancement of the dilepton production rate gets stronger with decreasing momentum. 
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Introduction. Thermal photons and dileptons are two 
of the most important probes of the matter or quark- 
gluon plasma produced in heavy ion collisions. This is 
because they are produced since the early times of the 
collisions and propagate through the quark-gluon plasma 
largely vifithout interaction. The production of these pho- 
tons and dileptons has been measured at RHIC P, Q 
with the surprising result that there is large excess of 
photons and dileptons which is not explained by neither 
the perturbative QCD (pQCD) [3] nor the hydrodynamic 
computations Q • Especially, the excess is observed to be 
largest in the low momentum region [l], 0] ■ 

It's largely believed that the strong enhancement is 
due to the strong external magnetic field produced at 
the early stage of the heavy ion collisions ^5-7, 23, 241. 
Therefore, there were several theoretical attempts [5|-l7|, 
at weak coupling, to account for the strong enhancement 
of the photon and dilepton production rates due to the 
strong external magnetic field. However, so far, none of 
the attempts, at weak coupling, have succeeded in find- 
ing the strong enhancement for the photon and dilep- 
ton production rates occurred due to the strong external 
magnetic field. 

In a different context, recently, in [i^], the authors have 
examined the Chern-Simons diffusion rate in strongly 
coupled Af = A super- Yang-Mills plasma in an exter- 
nal magnetic field and have concluded that the external 
magnetic field has only negligible effect even when the 
magnetic field is very strong. However, in this paper, 
we'll take on the task of studying the production rates of 
photons and dileptons in strongly coupled Af — 4 super- 
Yang-Mills plasma in a strong external magnetic field and 
show that there is indeed strong enhancement to these 
rates. We also show that the enhancement is strongest 
in the low momentum region, in agreement with the ex- 
perimental observation at RHIC [J 0| ■ 

Previous strong coupling calculations, without an ex- 
ternal magnetic field, of the photon and dilepton produc- 
tion rates [Si] have used the gravity dual of A/" = 4 super- 
Yang-Mills plasma at large- A^c and have extracted the 
spectral functions using the standard holographic tech- 
niques 10-14]. In this paper, we'll use, the equivalent 
holo grap hic technique, the holographic RG flow formal- 
ism [15|-[l9| to extract the spectral functions at strong 



coupling in a strong external magnetic field. The advan- 
tage of this formalism over the standard one is that, the 
AC transport coefficients, hence the spectral functions, 
can be written explicitly in terms of the background met- 
ric components, making it easier to study the effect of the 
strong external magnetic field, which is merely altering 
the background metric of the dual theory. 

Photon and Dilepton Production Rates, and Spectral 
Functions. Consider a field theory in thermal equilib- 
rium, and let the photon interaction with matter be of 
the form Jfji,A^ , if denotes the number of photons emit- 
ted per unit time per unit volume, then the rate is given 
by 



dT^^-f^,x'-''{K) 



fcO = |k| 



(1) 



where 7^1^ is the 'induced' metric at the boundary of the 
dual theory, and x^'^{K) is the spectral function, pro- 
portional to the imaginary part of the retarded current- 
current correlation function, 



x'^'iK) = -2ImC^''(A:) 



(2) 



where C^'^ is the retarded two-point function of con- 
served current J" 

C^iK) ^~i I d^Xe-'^-^e{t){[J^{X), r{Q)]) . (3) 



Note: K is the four-momentum vector. 

If we also add to the above theory massive leptons 
which carry only electric charge, then the thermal sys- 
tem will also emit these leptons, produced by virtual pho- 
ton decay. Therefore, the same electromagnetic current- 
current correlation function, evaluated for spacelike and 
timelike momenta, gives the dilepton production rate, Q 

dVu^-f^^x'^-iK) . (4) 

Production Rates in Strongly Coupled A/" = 4 Super- 
Yang-Mills Plasma. The gravity dual of AA = 4 super- 
Yang-Mills Plasma at Strong Coupling and large limit 
is studied in an asymptotically AdSc, metric [9| 
-.27^2 7->2 

[-f{u)dt' + dx^ + dy^ 



ds^ = 



dz^ 



u 

i?2 



4/(w)w- 



-du^ 



(5) 
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where T = is the Hawking temperature, i?^ = Af^ 
and A = Oym^c is the 't Hooft couphng, and we have 
introduced u = r^jr^ and j{u) = 1 — iP' . The horizon 
corresponds to m = 1, the boundary to u = 0. Note that 
the indices v\ will run over y, and z; and {«, j, fc} 
will run over the spatial coordinates a;, y, and z. 

Choosing a gauge at which Aq = 0, and A^ = the 
diagonal components of the retarded Green's function at 
finite UV cut-off u — e, C'^'^{K, u = e), are given in terms 



of the AC conductivity a"{K, u — e) as [15|, |18| 



(6) 



If we choose the wave to move in the z direction, i.e., 
K — {u>,0,0, kz), the components of the Green's func- 
tion can be classified as the longitudinal component 
C^^(w, 0, 0, fcz, e) = —iuja^{u},kz,€), and the transver- 
sal components C^^(a;, 0, 0, fc^, e) = C2'2'(tJ, 0, 0, fc^, e) = 
-iwa'^{uj, kz, e). 

The longitudinal AC conductivity fcz, e) satisfies 

the holographic RG flow equation 3, 3] 



L\2 



, (7) 



while the transversal AC conductivity ct^(cj, fc^, e) satis- 
fies the slightly different holographic RG flow equation 

El 



where 




(6) 1- 
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^5 V 9uu9tt 



9 ^xx 



(8) 

(9) 
(10) 



with (^l 

Since the right hand side of (O and (jH]) are divergent 
at the horizon e = 1, requiring them to vanish, due to the 
regularity condition at the horizon, we'll get, the momen- 
tum and frequency independent DC conductivities [isj . 



aHe = 1) = S^(e = 1) - 9..{l)gyy{l)gz^{W [l) , 

9h 

(11) 



a^(6 = 1) = S^(e = 1) = \jgUl)gyy{l)gzz{l)9^^{l) ■ 

95 

(12) 

We can also find analytical solution for ([7]) in the low 
frequency diffusion region fc^ ~ w ^ T as 



Therefore, at the boundary e = 0, one expects the 
solutions of the RG equations to take the values 



a^ie = 0) = ^-^F^iu;,kz,T) , 
1 - -^D 



where the diffusion constant D is given by 



D = a^{l) [ du- 
Jq 



^ggUUgtt 



(14) 



(15) 



and F^{uj, kz, T) is a function of higher order frequency, 
and momentum with, for example, in small frequency 
w < T regime, F^{uj = 0,kz = 0, T) = 1. 
Similarly, 



a'^{e = Q) = a^{l)F^{iu,kz,T) 



(16) 



And, using and in ([5]), the Green's functions 
at the boundary will be of the form 



C^^(e = 0) 



F^{u:,kz,T) 



(17) 



C"(e = 0) = h,C{e^G) = 



-Dkr 



(18) 



C^^(e 0) Cyy{€ = 0) = -^LJa'^(l)F^(cJ, fcz, T) . 

(19) 

where, in (|18p . we used the Ward identity to find C"(e = 
0) from C^^(e = 0). The equations ([T71) . pS]). and 
are in agreement with the standard AdS / CFT results in 

The trace of the spectral function x'^^ — — 2ImC"^'^ is, 
then, taken with the induced Minkowski metric at the 
boundary, of the AdSc, space, i.e., — 7]^, and it's 

X% = 7,,x"' = l.uX"" = 2ImC"-2ImC^^-4ImC"^ . 

(20) 

where 

ImC"(e = 0) = -■^a^(l)Re(l+iD^)-iRei^^(a;,fcz,r) 

(21) 



ImC'-^e = 0) = -wcr^(l)Re(H-ii:»— )"^Rei^^(a;,fcz,r) , 

(22) 

IniC"^^(e 0) ImC''''(e 0) = -uja'^{l)ReF'^{Lu,k,,T) . 

(23) 

One can see that for light like momenta, i.e., fc^ = w^, 
(jtt _ (jzz ^ ^j^g photon production rate will be 
given by 
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while for timelike and spacelike momenta the dilepton 
production rate T^i will be given by 

dVu oc j^^x'"' (K) = 2 Im C" - 2 Im C - 4 Im C^^ . 

(25) 

This is consistent with the fact that only the transversal 
components of the Green's function should contribute for 
the photon production rate while both the longitudinal 
and transversal components contribute for the dilepton 
production rate (20| . 

Production Rates in Strongly Coupled Af — A super- 
Yang-Mills Plasma in Strong External Magnetic Field. 

In the presence of strong magnetic field — B 
the asymptotically AdS^ metric ([5]) will RG flow to 
the asymptotically AdS^ x metric where is a two- 
dimensional compact torus, 2ll. |22| 



where crg{l), ag{l), and Db are still defined by pT]) . 
p2|) . and (|T5|) . respectively, but this time using the 
AdSs X metric Also, and Fj^ should have the 
same asymptotic behavior as F^ and F'", respectively. 

Comparison. Using the AdSj x metric (|^ in 
and (|15p . one can find the transversal DC conductiv- 
ity = = and Dnie = 0) = 

GO, respectively, which implies that ImC^(e = 0) = 
ImClf le = 0) 0. Therefore, the photon T;^ ^ 
and dilepton production rates in the presence 

of strong external magnetic field B will become. 



dV^ (X 4Sc.-|^ReF|(.., k,T) ^ ^dT, 



(33) 



and 



ds^ = 



Si? 



{~f{u)dt^ + dz^) + 



12/(ii)ii- 



H — ^(dx^ + rfy ), 



V3 

where T - 



(26) 



-j^j^ is the Hawking temperature, R 

and A = gyM^c, and we have introduced u = r'^/r'^ and 
/(u) = 1 — u. The horizon corresponds to u = 1, the 
boundary to u = 0. 

Therefore, one can see that, the induced metric 7^1^ at 
the boundary of the AdSz x space ([26|) is not given 
by the Minkowski metric 77^^, rather it's given by 



7.. -(-1,S,S,1), 



(27) 



ImC^ 



(34) 

where we used cr-^(l) = cr"'"(l) = -jg^ and D — for 
the AdS^ metric ([5]). We've also assumed F'^ ^ 

Therefore, from ([55)1 . we observe that there is strong 
enhancement in the photon production rate, by a factor 
of ~ , due to the strong external magnetic field. 

For D - and F^ F'^ , using jMl) and (gSl), one 
can also quantify the magnitude of enhancement of the 
dilepton production rate by taking the ratio 



Ratio =1 



dF^ 

dTee 



3^ 



tBR^ 



(35) 



where we've introduced the dimensionless quantity B = 

V3 • 

Using this induced metric (l?fl) to take the trace of the 
spectral functions, one finds the photon F;^ and dilepton 
F^ production rates in the presence of the strong external 
magnetic field B to be 



dr^ (X 7..XS (^) 



(28) 



and 



dT?. cx 7,,Xb {K) = 2lmC%-2 Im - 4S Im 



(29) 



where 
-<tt 



So, it's obvious from psp that the the dilepton produc- 

r-Bi?2 and 



ImC||(e = 0) 



ImC^^(e = 0) = 



^2 l2 

-^4(l)Re(l+ii^B — )"'Re^^i(c^,fc„r) 

(30) 



-wCT|(l)Re(l+iDB — )"iRei^^(w,fc^,r) 

(31) 



ImC^^(e = 0) = ImC|^(e = 0) = -wfT^(l)Re FJ(w, k,,T) 

(32) 



tion rate has increased by a factor of ~ jsii^irpj- 
the enhancement gets stronger with decreasing momen- 
tum for spacelike momenta fcz > -s/Scj, in a qualita- 
tive agreement with the observed enhancement at RHIC 

Qi- 

One can also repeat the whole analysis so far in 
this paper with a different choice of momentum K ~ 
{u!,kx, 0,0). With this choice of momentum, the 
transversal DC conductivity in AdS^ x (^5)) will be 
given by 



alii) = E^(I) = -Jg,Ai)9yy{l)gM9'"ii) = 



N^B 

far 

(36) 

'(Note that Brhic ^ ^ and Trhic = 2m^ at RHIC; 
Blhc - and Tlhc = 4m^ at LHC f5|. There- 

fore, Brhw- j-TIhic and Blhc - jt^lHC-) Us- 



ing the these numerical estimates in p6p. we find that 
ai(l) ^ 8;k^'^(l) at RHIC and al{l) ^ {I) 
at LHC. Therefore, the photon F:^ ^ and dilepton F^- 



production rates in the presence of strong external 
magnetic field Bz = B, when the momentum is in the x 



4 



direction, for cr^(l) 



-a^{l) at RHIC, become, 



and 



■dT~, 



(37) 



-B 



27r2e 

Similarly, for CTg(l) - 3^cr^(l) at LHC, we'll have 



(38) 



and 



-156 



87r2 



ImC^ 



(39) 



(40) 



Note that ImC^^ = ImC** = since Db is stiU infinite 
when the momentum is in the x direction. 

Conclusion. We have calculated the photon and dilep- 
ton production rates for the strongly coupled A/" = 4 
super- Yang-Mills plasma in the presence of strong exter- 
nal magnetic field B ^ We have found that the 
photon and dilepton production rates have increased by 
a factor of ^ BR"^ where = a/A^^ and the 't Hooft 
coupling A = Qym^c is fixed and large. We have also 
found that the enhancement of the dilepton production 
rate gets stronger with decreasing momentum ([35)) . in a 
qualitative agreement with the RHIC data T, 

The main reason for the strong enhancement of the 
production rates was due to the fact that we have to take 
the trace of the spectral function with the induced metric 
at the boundary of the dual theory which became 'non- 
Minkowski' kind ([TT)) due to the strong magnetic field. 
So, it looks like the presence of the strong magnetic field 
has affected the geometry of the spacetime at which the 
quark-gluon plasma lived. 

Therefore, one possible exotic production mechanism, 
for the excess photons, might be the interaction of the 
background magnetic field with gravitons. Or, it might 
just be that the conformal anomaly created due to the 
strong magnetic field is acting as a source of the excess 
photons, as proposed recently in [2^. These mechanisms 
are at very speculative stage and should be carefully in- 
vestigated further in the future. 
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